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TECHNICAL REPORT R-I01

THEORETICAL PREDICTION OF THE EFFECTS OF VORTEX FLOWS ON

THE LOADING, FORCES, AND MOMENTS OF SLENDER AIRCRAFT

]_Y J. ]_tlCIIAiCD SP_ntc

SUMMARY ] L._ _ 9 ..7-.

A ¢.ie_'rttl c_Uculativc "method based ,in ._lemhq'-

bo¢l 9 tl eor!/ is devdoped for prediclin 9 the p<tth.s o[

w,rtic¢,s in the presence of wil_g-body combi_mti,,_s

at ._.ub._.onic, tr_tl_sonic, and s'uperson ic ,_'pee¢/.s' and the

i#_flueJ_<'e of the vortice,_ o_i the Iomling, /'orces', _tmt

'mom<_d,_" acting on tD,e combinatitm,_'. 7"De ,mtth.od

i._' ,pplied to wh_g-bod!l eo,mbinati(ms 1o ,_'tm/!t the

cJfcct.s' _f _ortex ._'tre_gth _u_d il_iti(tl po,_'ition, com-

bined angles ,,!f pitch and roll, al_d win 9 aspect full,

on the vortex paths and i_duce¢l load,_'. The re,_ult,_'

indicate that the_'e effects were 6'ign;fcant becttuse qf

th, e dependel_ce of the vortex paths and i_¢tuced load._'

on the vort_._ ,_trength.s and on th.e proxim;tl/ o1 the

vortices t,, the sulJ'<tce of a wing-body ccm_binath,,.

(bmpari._ons of theoretic_d and ¢wperhm_dal r<-

._'ult._' indicated that the vortex path._' amt vorS_._:-h_ -

duced .force._' a_t moments for slender-wi_g-body

combinatio_s were closely pred;ctc_d by the sh.mh'r-

bod!t method, but.for mmxlemler combhmti;m._' th_.se

charttcteri,_tie,_ were otdy ttpprox'imah_U. TDe appli-

cation ,4 an alternate method ba,_e,t on. rever._e-flow

theory improved the prediclbms qf the _,ortcx-induced

.f<_rces al_</ moment._ l'or the /alter c¢,mb_n(ttbm_" but

impaired t/o,_c fl)r shml¢'r e_m_bimtt;o_¢,_'. TDe ;_-

dueed force,_" a_d mome_d.s on tl, e _o_._'Ic_der om_bi-

natbm,s were ,sufficiently ,_mall that the tottU fl_rces a_,l

moment,_ could be pr<_,lictcd adequatel!! thro_tgD th_

use <_ either m¢4hod.

INTRODUCTION

The effects of vol'iex-intovferelwe ttows generally

must be cah'ulal.ed in or(h'r 1o l)redi('t suct'(,ssfully

the aovo(lymmtic loading, fot'('_,_, aiid slat)ility

chavact, erisli(_s of airplanes oc missiles. For ex-

amph., the results of rel'(,vetwt,s i and 2 showed lh_t

it was liOC'.essai'y to hl(_lude esliniales o1' lll(, i,tt'l,(_Is

o[" the vorli(_es gOlii,rilt(,(I lif llie ]'oreliody of ['()l'-

wiii'd lifling Sllt'[act, s in lh(, pr(,di(qion o[ liie lift

and pil('hili_' inonlonls (if \'ili'i()ll_ wing-ho(Ix- or

wing-body-t all <!onlliiltlll ions.

Two [undltlneillall 5" difl't,l'ont, l,ht, ol'eli('lll lnelh-

odsj each involving solile basic ]inlilalioiis, exist

for ('lil(!iillllili 7 lhe voi'tex-iiiduce<l forces llil(]

lilOliit'lll.S Oll winlz-body-tail collll)illliliOli_. ()iil_

nli,thod, which is based Oll ]inellriz(,d win 7" l}i('Ol'y,

iil;tk('s 11_0 Of li, l't!VOi'S/'-[iOW lhl'ol'elii (l'et'._. ;i lind

4), for ('lil('u|lltin_" the, forces and 1wo-dini(,il_iOlial

strip l[lt,Ol'.V foi" ('a|('ulal, in 7' th(' ilioii]t,lit_. It is

llSSillil(,d tim{ lhe vovt('x pal hs _ii'o kliOVCli lill(I

lhlll lh('so, pllAhs lil'C' plirlilil,l to li chord o[' lhe XVilig

1)llli('ls iit'itl' whicii lh(, VOl'li('es ])lts_. A_hlilionlil

li_linll)l.ioli.q ill'O invo|vl,([ ill (,sliliialillT' lh(, iiil]ll-

OliC('. o[ t h(' body. This lllolliod hlls I)(,ell used

su('cessfully in ihe pi'ediclion o1' tim _lel'od)li_ililie

('hlii'licleri_lics of (,oint)ililitions ]illviiig" wili_2' or

Jail Slll'l'_l('es of high or nioderlile asp('l'l l'iilio, iii
which Cl/Si,S the dcvii_tioli_ of tile llclulll VOl'lCx

p:iihs fi'oln lhe assumed pllllis v¢iq'o l'ellilively

ulliillpol'l_ilit.. Tile oilier tlieoceliclll nielhod for

calcuiltlilig 1,he vortex-induced forces aiid liiOlilelils

Oil wing-body ov wing-t)ody-lail conitfinlllions ;s

lmsed Oli slendel'-Iiody lheocy (ref. 5). This

nielhod l'opi'OSOlitS li_ nloro <'oniplete solution 1o lhe

"¢ortex-inlerl'ei'eli(_o prol)lein for s|eiider ('olit]gtii'i/-

lions pl'inlarily t)ecause it lllkes into ItcCOtllil_ 1,lie

ilctual 1)rl_detei'niilied voi'lex plil.hs wiiich n-la Z |)o

influenced siTni|ieltiilly b.v lhe h)cal flow field of

1,he (_onltfiniition. No l heoreliclll lneihod has

hei'etofoi'c' 1)peil developed for clih'uhlling' lhe load

dislribulions oll wiiig-bod y conltfinalions due to

vortices.
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The present investigation was undertaken to ('r

achieve tile followinlz ol)jeetives: (1) development

of a general method based oil slender-body theory

for calculating tile paths of vortices in the presence

of wing-body combimttions and for computing the
eft'e(,ts of these vortices on the load distributions, ('v

for('cs, and stal)ility of complete configurations;

(2) _tpt)lic_ttion of this method to the calculation of d

vortex paths and in(lueed loads on wtrious wing- .

body combimdions; and (3) ewduation of the

m(,thod by comparisons of vortex paths, forces, II ()
and moments calculated by this nwthod with those
,._d('ulated by alternate theorctical methods and /,'w

wilh available experimental results for several

r(,presentative configm'ations.

NOTATION Ix'w

, body radius

. l wing asl)eet ratio

B _'.1F-- 1 I_

c lo('al wing chord

c,, section normal-force coefficient, L.E.
force 1)er unit span in :- direction _11

qc p

Cr chor([ at wing-t)o(ly jun('ture po
q

('_ rolling-moment coefficient, r

lllOluen| at)ollt d" axis rv
qSd

(See fig. 1.) S

(',,, pitching-moment ('oeftieient, u,v,w,

IIIOIllell[ aboll[ 11 ItXiS

qXd l"
(See fig. l.) x,y,z

¢ 'x normal-force eoelticient, x,
force in the z direction

gs
qS

(See fig. 1.)
O_

, ,I(_ 13
( ,v. normal-force curve slope, da r

(',, yawing-moment coetlieient,
moment, abou(, z axis

qSd 0
(See fig. 1.)

P

('j, pressure coefli(,ient P-Po a
q

side-force coeificient,

force in the y direction

qS
(See tlg. 1.)

Y
vortex-strength coettieient, 2rl'a

t)o(ly diameter

vortex interference factor

imaginary part

ratio of lift of wing in t)resenee of belly to

lift of wing alone for wn'iable wing
incidence

ratio of lift of wing in presence of t)ody to

lift of wing alone for variat)lc "ingle of
a! tack

lift ratio accounting for ill(, additional

lift due to sideslip at a constant angle
of at tack

leading edge
free-stream Math number

h)('al surface static pressure

free-stream stati(; pressure

free-stream dymtnlie pressure

radius of belly in transformed-circle plane

initial radial position of vortex
local wing s(,misl)an (See fig. 1.)

body eross-se('tiomd area

perturbation velocity components in the
x,y,z directions, respectively

free-stream velo('ity

Cartesian coordinates fixed in the body

(See fig. 1.)

axial distance fi'om body apex

axiM distance from body apex to vortex

tlow separation point

angle of attack (See fig. 1.)
angle of sideslip (See fig. 1.)

vortex strength
canard incidence

wing scmiapex angle

complex coordinate, y + iz

angle of pitch, (a2+ff ') 1/2

initial angular position of vortex

complex coordinate in transformed circle

plane (See sket('h (a).)
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FI(_URE l.--Coordinate system.

Volues of Poromelers Investigoted

Porometer Be)sic Volue Ronge in Volue

Wing root chord, Cq o

Angle of roll,_

Cquciform wing

Plonor wing

Angle of pitch,O

Wing ospect rotio, A

Vorle_ ,strength, Cr

knitioI vortex position

Rodiol position, rv/o

Angulor position, Pv

0 end 15°

0

20"

2

+- 0.;!65

ram61

(@+90") .+25"

0 to I0

0 to 45 °

0 to 90"

Io" to 3o"
0 to 4

0 to -* 0595

{@+90 °) _.t(ZO" to 50"]

0

(-)

B
B('

BII"

BII'('

L

U

V

W

II'(B)

O/

#
]

2

angle of roll (See fig. 200.)

velocity components in Ill(' a 1)hme cor-

responding t,o v,u" in lhe _ plane

conjugate of a ('omph'x v_u'iable (e.g.,

SUBSCRI|'TS

body
body-canard (,oml)inarion

body-wing (.oml)ination

body-wing-('an=u'd ,.ombin=dion
lower su rl'a('e

upper surf'we
VOl't PX

wing alone

wing in I)r('s('nce of body

angle of attack

angle of sideslip

vortex 1 (See sk(,t('h (b).)

vortex 2 (See skel('h (})).)

(b) Configur-ttion B.

102.,6°

ocJ 4ve

(c) (;onfiguration C.

(a) Configuration A.

FIGURE 2. Configurations studied.

(d) Configuration D.

FIGURE 2.--Concluded.
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TH EOltETICAL CONSII)ERATIONS

A i ht'l)ret i('Itl met hod is des('rii)od I'or c'alculating

the paths <',f vorli('t,s and the inlluen,.'e or the VOI'-

rices on the loading, t'or('t,s, and zn()nl_ents acting on
win a'-l,(id.v condiinalions. The }tit,(lit)(} is <h'-

•,t'h)pi'(l '+vilhill tile fran).eworl< oI' sl(,i,h,r-body
t lit'oi'v atul is titus al)l)li('lll)h' to smooth sh'nth'r

conti_'uratic, n+ ()f arbitrary cross se(qit)n. The

_'ent'ral ('alctalntivt' liro('edure consists o1' lit(, fo|-

h)',vino'. _lt'ps"

(I) l)('tl'rntimlli<m of lilt, initial ])o_itions antl

.<trt,ngths ,)I' the vtlrti('es g('neratt+d b.v the

f()r(q)ody ot + ('ittt+trll surfaces

21+ ('nh:ulnlioi+ <d' the 'cortex pltIl+.'.+in the tires -

tqi('t, of flit' x'+'illg" l)t),:l'_ conlbhl+Itiott

(:I) ( 'nl('ttlnt ion of lhe spanwise hm<l distribution

m' tht, forl'cs and monwnt.,:, indt,('rd by Ill('
vort ices.

A descrilttil+n of tlw tncthod along with +tit alter-
Ztltlt' nwtltod for cstimatin,..:," thl, vtwtt,x-indut+e<.[

ft)r('e+ ntul nmnwnts is l+rt,setlted itl lhc rolll)wing

l)it rn_'ral)hs.

SIA','N 1) E'R-BOD ¥ METHOI)

Initial vortex strengths and positions. -To

cnlculnte tilt, troth of It vortex in the vi('initv of It

wing-body combination, it, is firs! ])(,r(,ssal'y + to

know tilt' strt'nvtlt nnd position of the vortex in

the l)lant , for which the ('ah+ullttio,s are it) I)e

slat'led. In tilt, l)t't,s(,i+t sttldy, this phtu(, is its-

sumell to be nollmtl to the bc, dy +tits at, file h'tlding
<,d_e or the wiNg-body jttn<'ture. ()tic' or more

pairs i)l' vorti<'es nmlV b(, g(,iwrnl(,d l)y tt l't)rt, bt)dv

()r l)y .st l)ody-('anurd l+oinl)ilmtion allt,U(l tl[ the

win_'.

lIt th(' case ()1' a l'orel)ody at moderate angh,s of

nttn('k, it pair oI' vtlrth't,s due t() li()utltlar3+-hi.ver

sl'paratioil is forint,if nh)ng t+h(' h'l' side ol tilt' hotly,

nli([ tlwse vortices move away ['rom th(, bt)tlv +is

tht'v I)rl_.gt'ess (h)wnslr(,nm. A ('orresl]onding in-
(+l'l'aS(' lit the vortex st i'Ollgl ]l ()l'('tli'S its It l'('stll[ O[

tilt, fl'l'<liN<'_lit'lion or tilt, smnll vortex filaln(,nts iu-

ter('<)nne<'ting the 1_o(13+ I)oundurv ]ay('r lind the

vortl'x cores. A.hhough no con).l)h, te]y t heoreti('al

method exists for cah'uhding the slr(,ttKlh aml

position ()f body vorti('t's, the +tillilvsis ri, l)ortcd ill
l'('fez'ence li hns shown that tilt, vortex ('oorilinntes

_1 ',rl'++ and :+,+0+ +m(t the vortex strenot]i ])nrltnu, t(,r

('r'(z for n l)otly of cir('ulnr ('ross set'lion lit'o rune-

lions Olily o1' the tlinlensi()nless ])itr+lllltq(q' tl(atn--

r+];a It }tits lit'ell fount[ ilia( the experinlentnl

results given in rtq't'ren<'('s 7, S, and 9 for vlirious

angles ol' itltat'k il.ild ['orebody s]ittp('s ('orl'tqi/to Sll('-
cessfuily by litelins of this plii'alil(qor. Tile rest}l/-

}Jig' correlILlion ('Ul'Vt, S lit'l, presented lit [ig'ure 3(U).

J ! [ l _ i l
-- Experlment(ref. 7, B, end 9)

.... Colculaled (ref. I0)

-I

I

6 7

(at Vorh,x slr(!iil_th :tnl I)osition rot o_4i_e-cyliliders tilid

i.on_+-<.yliii:h.rs.

g
IO _

J
o 4 8 12 16 20

o

(I)+ Axial l,)c:ttion of vortex s(,titiraii(in flir o_ivu-'eylin(h.r

of I'l'ft'l'l'llt'C Ii; .if : 2.

l+'t_li tie '3. -Vi)riex cllarachq'[sth.s o[ |)odh,s of rt!volution.

Tlielocat,ion o[the vortt,x-s(,lmrltthm point ;r+was
founll ill l'("t'('l'('tic(! 7 10 ilI()V(' f(irwartl with in-

('relising ' aiig'lo o[ nttlt(+l,: and lo lie witllin lhe region
showil ili [17"tii'(, 3(})). It, was nlso shown it} i'<q'er-

(,ilttO 7 tlili.t, t,he obst'l'V{'([ vortt,x l)ldtis ('oti}(I tie

pre<lic.led s+Ltisl'a('torily by llleltliS (if ill stepwise
tiulnerieil| tllelho(I |)+ise(l Oli lwo-iliiiieii,mi()nlil in-

conipressible-llow lheory. This niethod, howovei',

requh'es lhv use of experinientn| vlihies for }tic

vorlex-sl,pltrltlion poiiil ;rs (fig. :_(b)) iill(I [or l}ie

body cross-flow <]i'itg coefticielils. In ret'eren<'o 10,

n theor01ic+ll tile(hod is developed for ('+lhqllliiilig
bol]l tile strengt]l and positions of vorlices frolil

circular cylhl<|ers and cones for whic]i only lhe

poripherlll loclttion Oil the body of lhe vor|t,x sep+l-
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v.li(m point must be (hqot'nfin(,(l from oxp<.t'iment.

S()tn(, rt,_ults _Onll)ttt(,t[ hv this mt,tho(1 aft' shown

iN ti_'ut'e ;;(_t_ t'or ('(mtf)uri:-;oll witl_ expt'rhnt'nt.

(?onlp_lvisott iutli('.tos lhu! the siron_ttt aud Vel'ti-

('al displae(mwnt of' tit(' body ",ort,iues are ('ousi(l-

('rably ul.h'r('stim.tod by tit(' met, hod of rt'ft,ren('c
1(!.

The results givelt ill fi_'ur(' ;_ may also b,' tasetl

fur Mdios o[ rt, vohttiou at, (.oml)ilwd ung'h,s of

ulta<'l,: a.d sith'slip l/rovidod the an/If of lilt,(4: O

is stttlsliltH('d for the au_q(' of alia(q,: ¢_ aim tho

vortex positioll_ ?/. m.t ::+,.re rot.led through the

ullvle _ :tt, :t ('OltSlaltl r.[lial h/('atiolt. Tho ap-

pr.xim.to rel.liottships .niott 7 these ml_'h's .t'e

t.. : fi- (2)
o_

l;or t)ody-t'annt'd c.ml)ittttliott+ the in_lttced

vorl('x th)w fiohl ca. ge.<wally be rt,l)rOstmtt'd by :t
singh, liue vortex origim_ting l'ront tit(, trailiu_

t'(IV(' of e;lt'h ('anut'(I I)atml, bo('attst, in ntost ('_tse:.+
the l)o_ly cross-ih)w vorth'es art, rt,lativelv we.It.

m.l lhe trailing vt)t'lt,x shotq from the cm_at'(l

lmnel is ess(,tHMly rolled tt 1) imo a slush, vort,ex

.t tlte win_" h)<'atitm. The sll'ong'lhs :llitl imtial

Sl)UUvcist' lo('at, it+ms t)l" llw._e voa'liet's art, ('nh'ulutod

(lit'o(:tly from tit(. lib mtd Sl).nwis(, ('ir('uhtti(m

diMribution o[ th(' ('anal'tl sttvftt(_('s in the l)rt,st,m'u

t>l' th(+ hc,_ly. A lh(,ortqi('ul m,:tho<l is l)Vt,so, ted iu

l'tfft't'tqt<'o '2 for (.al<'tilnting' t ho stt'ong'lhs anti pt)si-

lions of the Vol'li('t'S lt'ai|in-_." ['t'()lil it, ('anut'd-botly

(_tmtlfitmt, ion ttt zoro sith,slip its fttn(qitms tlt' tilt'

lirt :tu(l Sllttnwist , lo_ttl (lisirilmlion or tho canard

sttrl'aet+s tltlo to attgl(, of attavl.: nnd int'i(h,n('t,.
'Fttis tnt, t.hod is ttl)l)li(+tt|ih ' to ('oitllguralions ht

si(loslip ;ts well. as those t_t zero sith,slip sitwe the

thoor(qical st)anxvist+ (qr(_ttlutit)tt distril)ttti(m is the

stune :ts the s])auxvist, lond distvihtttiou I'tw zero

sitlosli I) am| is indt'l)t'ndent of sid(,,-;lip.

Vortex paths. The thqorJMn+t, iim) t)f the 1)++ihs

(.t' vorti_'t,s in the presence of ti l)ody tit" vcing-l)ody

colilbimiiiott /'(,quit't,s tt st(,pwis<, nmnt+t'i('al ('ah'tt-

lulion o[' the vortt,x positions Itt, su<_(_(,ssive stri,;tm-

wist, lo('ations. For slettd(,r cotlfigttrt_tions, i_

nltqhod is developed for conq)uting those p_tths on

the basis of the anMysis of vefer(,nce 11 whi(,h
treat,s the motion o1' vortit_es ill the ])t't,s(m(+e of

solid t)ottttdaries in t wo-dimt,nsiouM iNcomprt,ss-
ible flow.

(!onsid<w tlt'st the flow itt a <.t't)ssll(,w 1)].t., of tt

body t)l' arbitrary (',ross setqi<)n in the liresonce t)l'

m. 'corlit't,s t)f known strengths I'+_,I'_. ittttl l)osiiiolls

_+_,_+ _ts shown in sl,:ott'h (:t) for both the l)hysit_al
atilt tritnsl't)rntt,([ t'ir('h' llhtu,,s. Imago vorti('os

ttt't' roqt6rod ittsith_ tit(, cir(.h, iu tht, o- plune t(/

saiisl'v the h<)ttndary coat(lit|tin tif no tlow lhrt>tl_'h

tho t)t)dy sut'i'itce. The prothtct 1"0 rt'pl't,st,nts the

('onil)(m(,iil. (i[' lht, t'i't,o-sti't,lini w'h.dty ill lilt +ct'oss-

IIow i)hino,

v++,y v+ v]
"-+./_ 5 \ _ "+

L:?
plone + plone

,_ket eh ta)

'['he calt'uiltiion of the chttnge ilt ])osition of a

vtirtox (t'.g., v()t't.exj' in tiw .t 1)]ittw as il l)l'(>gt't,ssos

tiil ili('i't'ilit'tllti| (]istttnce Ax do',viisll't'_ilil is <_,'ivt,n

lLv the OXlil't'ssion

[ l'2 . 'l!_ _'\

_;': :(3 ++_V) "_'' (:+)

wht'i't' +,; and 'wj lift, the ('otnli()nents of tho l'esultalit.

vt,httqty lit, tilt' voi'lt,x f)ttsili()ii .(_. li is shown iii
l't'[t't't'lit't' 11 thllt, lht'st' vohwily ('Oiii])t)it('lilS iit

l ht, _" phtno l.ltii lit, ot)tahietl [l't)lll litost, iii tlio o-

l)lltne by tile rt'llttiottshi l)

O-- ;+_'_- (¢'-;%)(,1_-]_--
;l' tdi "'21,

4_ [ ,l_
(4)

%V[I('I'('

• /,2+,-;+. +.+:,,,+)
\ G-/

; [>_" !),.__ !7_\
2-IZ--: <,, ok ,.=: ," /

" <7) -- ---]
/

_kX¢ j 0"/, /

(._)

The fii'st, two tel'ins in (,tlttltlioii (5) _ive the vekic-
it.y at. the VOl'tex ]o(Jtttioti o-j duo to the crosMlow

12Oliipoiioiit. or the fi'oo-sll'o_inI volodiy VO, iilid the

l'elitftiliilig' terlliS aCt!Oil|it, for the vt,lodt_v -tt _+ dl.l(,
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to all of the other vortices in the syslmn. The nnd
last, tm'm in equation (4) represents the rcacLioll

fronl Ill(, hod 5 upon vortex j due to the effe(q of
Ibis vortex.

The general expressions given by equations (3)

lo (5) can be applied to the Slel)wise mmmrical

('ah'ulalion of the paths of vortices of known

strength and initial position in the presence of a

I)o(ly or wing-body combination t'or whi('h tit(' ('on-
formal transformation of the ('ross section to a

('|fete is known. General expressions are given in
referen('(,s 12 (o 15 for such transforInations for a

wide wtriety of I)o113"and wing-body ('oral)|nations.
For tit(, Sl)e('ial vase of a circular bo(ly, e(lualions where

(4) and (15) siml)lify to those used in references 7

and 16 to ('a[('ulate the t)aths of vortices in the

llresenee of a body of revolution.

As an illuslrat, ion of lit(' application of the

general expressions for cah'ulaling vortex paths,
consider two vortices having slrenglhs of equal

magnitude but of ol)posite sense in the presence of

a ('ireular-body and ('ru('iform-wing ('oml)imtlion

in('lined in both l)it('h and roll with resl)e(.t to 1he

free stream, as shown in skeh'h (b). The change

F
_.- s '

o- ! vo

plone ¢ plone

Sketch (b)

in posilion of vortex 1 in the (lislanee A: is given

by equation (3) as

271" /'2 ffl -- if2

0.1--_

O" l

The ('onl'ormal m,q)ping function relating the _-
and a planes is (ref. 12)

t5[¸4 •

_'2 (1 -}- _)= a2 (1 -}-5) (9)

])ifferentiation of equation (9) once gives

{/,4

r 4

0-4

(11)

and a second time gives

d_, ,/i-- ¢ ,____A

\ -¢'/_1
(12)

The eorresl)omling (.onforinal-mapi)ing relation-

ships for a l)hmar wing-body combination (no

verlival wing panels) are

_V} t el'(_

0, 2 r2

_'+_=_+7 11:9

1 (1 a=Xr=_s +_) (14)

where the velocities in the ¢ and 0- planes, respec-
tively, are given by equations (4) and (5) as

(,l%
_,,- ;< = (¢,- i,o,) (do._l i t' k,l_V,

\,tf/, 4r _,_)id<_\ (7)

(i 2
1---

¢10. ¢_"

de 1 r2
0.2

(15)

- f_ (16)
- - a '2_ d_ [l_a_0-\ 1-- ,.2

Load distributions due to vortices.--Once tile

1)ositions of the vortices _'a in a given crossflow
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plane have been dcl(,rmin(,d for a sh,nd(,r wing-

body combination th(, t)ressur(_' and h(,nce Ill(; load-

ing' l_t any point ,tlong the body and wing panel in

this phtlw can be cahmhLled 1)y slendel'-l)ody t booty.

The pressure coefficient, at, any I)oinl Oil ttll
arl)itrary t)ody inclined ttt _tn angle of attack oe

and sideslip fl is givon 1)y the general oxl)ression

9

("--- It" (. __._,_3r)_ i1 0"+ w'-') (17)

where lh(' 1)erturlmLion vtqocith,s _t, v, _v rcl)t'cseni

tilt' local velocities ItIl(l ihos( _art infinity. Each of

the velocity compouetlts ('_m he ('onsidered to he
made ut) of three parts, one due to angh_' of att la('k,

oue due to angle of sideslip and one due to the

vortices. Thus,

_l u.-4-._+ u,_ "]

r r,,+ <_+ r,_

it) --- We, @ _l'_ -7 W v

(Is)

Th(' lolr(linK coeffi(.iont _LI,n giveu spanwise lo(mlion

is then compu/,ed from

_P=(',,- (',,,. (19)
q

For_bodies or t)o(ly-win_' combinations sytnnlelri-
('all about, both the vertical and horizontal phmes,

tit(, following ('omlit ions are aI)plicablo :

tlaL -- llaV IltlL= II3U 1

_'cr.5 -- I'(rlr I'lL--- t'f3 v (2o)

Substilutiotl of equations (17), (IS), and (20)

into t,(lUnlhm (1(3) gives for llw tot nl loading

.Xp 4 • 4 ,

') l . ,) 2 1' 2_+:(.(,,,,-,.,.)+ )- )

+ 2,,._.(,,,,,+,,,:,.)+__.,,,,.(.,,,,+,,,,._)

4-_9(,.s__ 1"_) (t',._- r,,.) -7 20t'o_ + V,_) (u:, ,:- w,L) ]

('2a)

The first two terlns in this equation l'epl'esellt, tho

Ion(ling due to the flow in the ,,tl)senee of vortices

and the ronlaining t,(q'ins nccount for lhc It(idit ional
lolr(ling due to the vorti(:es. ()n tire stu'fa(:e of a

horizontal wing l)anel (z=0), equation (21)

siml)lilios t:o

_p 4 4 ')
q -- p ("°.-_"°.) + i _,',.,,,'_,,+ _ (",.,.-,,,/)

+ t..,[,0_. ,,,__-,_,;(,,,.+,,,_)

+.2(,._.- _-_)(,v_.-,',..) l (22)

and on the surface of a bo(Iy of revohttion of

n_dius a the loading at at viven vnhw of y is

_1 ) 4 4 (t2 / 2

1 (t= " ', . o " ,
i_,_ip.L,f:l,,,_.--,,_,7-_-co_(,,,.,:.,v,.)

+ 2(,',,:-- _,>)(%_-,,,,.) ] (2:0

General expressions for the velo(dty ('Oml)onents

for ('ahmlation of lhe loading from eqmttion (20),

(21), or (22) are

I'_ d, ''_

_1_'_-2H(dr) (ta; (24)

[ r_'_ ,I_
(w°+ I'_)+ ;,,_= t'_ _+ _/,ti_ (25)

_ , /" I '2"x (1(7"

("_- _'_)- ;"'_=- __-_"),i_ (2(0

1 _ 1 {,Idr ddr,,.],,,,,=2;:_t _,=,r,: _=_ \,i.,. 37._
/

,-"£ \.25 a_-',L,-7_ ,/,:)'j (27)
O'/c

_,. =;)_ lI _ I'_

,.-'w.; >;q (2s)
J

• 1 " ( 1 1 )do-
dr/.

.,%+_r,._--_ _ r_ 2_. 7_ \,If! (30)
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Ewlhialion of these velociti(,s requires only I_

lcnowh,dg'e of the eonl'orntll| lransfornmtion be-

I'.veen the conliTut'tllioil t'i'os._ section and n. circle.
For it crucifornl or 1)lltintr wing in cmnbhilit.ion

with a body of (.h'(.ulllr m'oss s('clhlli, expressions

were giw'n in e(luldions (9), (10), (13), and (14)

for the lrltilM'oritiations. These eqlilitiOiiS I'nll lie

colnl)incd with e(ttla.t,ions (24), (25), and (26) to

_ive expressions for the potenlial-ilow velocity

c.niponm_is in lcrnis of the physi('al-plalm ('o-

ordinltlt's. The resulling (,xpressions arc prcsenled

in table 1.

Forces and moments due to vortices.---The

for('es and lilOlilOilt_ ai'ling Oil the whig m' body
of a eonlt)ination du(' to vortices Ii1'(, ot)lained fronl

ilite_Talioil,_ of the load distributions ('onlpul.od

fl'onl the for(,g'Oili_ re]alions. ]low(,ver, the for('es

alid lllOlilelilS dHe to voi'li('es at.lilt 7 (ill lhe coin-

tiI('l( ' COlll[)illntioll ('till b(' ol)lain(,d dirl,clly fl'()lll

ill(' vortex l)osilions wilh the use of tile shmder-

l)o_ly itna|ysi,_ of rof(,r('ii('t, 5. li is shown in this

linn]vsis llilll, lhe side force lin(I lloi'liili} fol'('t, (hie

Ill/_ vorlh.es tic[big Oil li slender hody ill'(' _iv(,n 1iv

, 2i '" ,'2"_7
#/

\ o's,/_1 z %

r " , / r'-'\7
....}

lllid tim corresponding nionl(,nls al'l' giv('ii I)v

(',, ! 7(',,, -- I x />;I'z. dx
I'd,I,, d.rLk=t' _-

1
["> z ,1 (( 'r+ ;¢ iv)<l.,:

= --d. 1., dx
(:r_))

F(ir Ih(' case of oil(, pith' of vorlit'('s l|lt,s(, (,Xt)l'eS-

sions l'('(hl('P lo

' ' ' 0-1 _ -- 0"2 t 1,2

I" 07 _2 .... ",

1.2 1.2

\, o'1 " 0":'!.r = _,_J '

ll.lid

, .,, 271' 1""' d/ *'_ r'_\
(',,_ _" ,,, --_;7 1 a:, /0"_--=_--_-b_}(/a' (34)

; _t ,1. _l.t \ 0"1 a.,/

It is noted froin Ihl,se (,(tlliiiions liilli, tile for('(,s

due to lho vorli('cs along illlV portion of lilt, ('Oil-

ligul'alion ran lie ('tll('lili/l('(I dire(q|y froth Ill('

('tiltiig(, hi l)oshion of lh(, vorih't,s hi liil, ti';ilit_-

fornio([ ('ircle phule t)(q.ween one x'. slaliOll and

another. ']'he ('ltl('ulalion of l]ie Inonlents, how-

ever, requires all inlegralion of lli(,se posiliol)._

ll|Ollg the I)odv. Tiffs iiltl,grlt|iOll (.till hi' l)('rforlltl'd

sinulllllneou._ly wilh lhe nuniei'i(m| SiCl)wise <'lll-

('u|ltlion of lh(' voi'{i,x I)i_llis by lil(,IHl_ Of lh('

rehlt ionship

' "(' ' " ',,,),--(/v' 1" Ax ,(( ,,+_. ,,,).... (( ,,F ,,' T_)-;i-[(( ,-

i .;( '.,0,..,-(Y ',-+ ;('.,-) 1 (35)

•wh(,r(, t_ is th(, nllnllmr (if sli'l,iiniwis(, hlt(,t'vll|s

frolit lile oi'iTin to ltie ]()ngitudhlli] sllllion uild(,i'

(!OliSill('l'i_l ion.

IANEAR-TII EORY METII()D

']'h(' for('t's Itlld lllOlliOll|S acting on it wing'-llody

conli)innlion ill lhe t)rl,_en('t, of voi'li(.(,s ni'e ffen-

(Tally ('ll|cuhlA(ql liv lll(,ali._ (if linellriz(,d wing'

lh(,(ii'y f(ir imt(,nlhd flow in COlijUli('lioli wiilt a.

t't, vers('-ll(iw tht!ol'eln. (See ('.g., l'(,l's. 1 1o 4.)

In lht' lil)l)li('ltii()li (if this nl_(qho(I, it is liSsulnl,(l

that. lhe j)lllhs of lhc vorti(.(,s 7i,lil,ral(,(I })y the

forward Stll'flt('es ill'(! nor hllhli'nl'ed hv flu, lrai|hig

._urfae(,s alid l.}llll, l]l(' th)w lliiffuhiril 3" iil(lil_'l'(] })Y

llu' voi'tices Vlll'ies only with lhe si)liuwi,_e (.o-

Ol'dilllit('. In addition, lho (.hor(lwis(, |oclllion of

lh(' vorl('x-hl(hi('('d load IiltlSl t)(' iisSlilil('!l in order

io i,slhuate tim monionls. '['ht,se li_unq)li(in_

wouh| bo exp(q't.ed lo })c iiioi'(' vnlid for stii'f_l('es

of high llspo(% ratio thlili lhose o1' hiw nsl)(,('(, rlilio.

('onsi(i(T II, 7enorlll whlff-bo(ly ('Oiil})ililllion iis

shown hi [igure 1. Tilo norinn| for('(, and 1)it(']ling

iiiOlii(,lll a('ling oil lh(, ('oiiit)hnllion dil( _ [o t#i

vorli('es of given slr(,ngih l'e nnd posilion (?&,z_:)

iii Ill(, ('rossllow ])|liliO :ire given tiy

_:'.... : l't-s ),,-":l±J ,, l" _ ,,,, a

Itlld

( t#t t ,S,t LJ,, I't , ,,.x<.,flq

+ j; ," '" ' ",,'"\ 7l't. ),,/.,,l:q (:_7)
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The upwnsh u, due to rite vm'ti(+es and their inutves

is given by

1 I" E .v-v y-.v, ] (;+s)--
i=l

_,VI t('l'("

Y+(? . ._ zka 2 C_(.))
Y_=!fi: _ z}'.' ;" y+i+,:i

The qu.ntRy (c.e,,%)w, which represents the span

loading eoeilici(,nt for tl_(, wing .lone in reverse

llow, is a function of lhe sideslip angle ft. For

many instan<'es the shape of the span loading

curve can t)e ('onsi(h,red independ(,nt of sideslip

with only the integrated load on each side of llte

coml)imttion being afl'(,cte(l. In such eases

(Y

f,,,:.... N.__(:'"G (40)

and for sl(,mhw wing |)am, Is, from r(,fm'en<'e 1,

K_. /3on the right panel (41)(_" l+tan _(,
N_+. ,8= 0

(':¢'_ --1-- E_ flon t h(_ left I)anel (42)
lilll e( ]v,,,_.o

where tC_=2)r for a 1)hmar wing and 0.3S for a

cruciform wing.
For many t)racli(ml e.ses the span load (lislvi-

bulion for the wing panels in reverse /low can 1)e

nl)proximated 1)y elemetttary analyli('al fun('tions

such as _ slraight line or ellipse. For su('h cases,

e(ltmiions (36) and (37) <'an b(, integraled in
closed ['ovm. In r(.fm'en(,, 2. for examph,, solu-

tions ol7 e(tualion (36) were obtaim,d for various

linear span load distributions, and <,harls were

pves(mted for the rapid determination of a vortex
interference factor from which the norm.d force

due to a symmetri('al pair of vortices van be ('om-

lmt(,d 1'ol" wing-body ('ombimdions havin_ bodies
or eircuhu" cross se(qion. Because ot7 the vorlex-

symmetry requirement. ,t)t)li<,al ion of these ('lmrts

is limited to <'ontlguralions nl zero sideslip.
In or(|er lo extend the ('harts of ref(,rence 2 lo

the general case of coml)ined angles of alta<4.: or

cavmrd d/qlections aml sideslip angles, figures 4

'rod 5 ]rove l)een I)rel)ared. These curves present
values of the vorl(,x inlerl'er(,nce I'nclor _'_ for the

positive (right.) half of flu, wing-body combination

under lhe inflmmt:e of" _Lsingle vortex at any posi-

lion in the y-z t)hme. Values for the negative

(left) half or rite condfination .re obhtin(.d t'ronl

l]lese figures simply by _11r(Wel'sal in lhe sign of

rite lat(,val ('oordinnte y. The mitres of figur(,s 4

and 5 are also appli<'al)le to negative vahtes of .-+

as well n s I)osilive valut,s. Figure 4 presents inlet'-

ference fa(qot's for a lriattguhtr dish'ilmtion of

loading nlong the span (no load 'tt wing tip),

_vll(:t'(ql_S tiglll'O 5 gives l[te corr(,sponding results

for n lral)ezoidal (lislvibutiozl for which the win_-

lip load is one half that :1i I1., tool. Auxili,ry
(tahqd.tions of the illl('['l'('l'('llc(_ fllUlOl'S fol' 1/11

(41ipti(,al load distribution tl,ve shown that the

results were ivt such ('lose agreement, with lhose

for a trapezoidal dislril)ulion lhnl, the curves of

[igur(_ 5 can I)e a l)l)lied lo eilher 131)c of tim ril)u-
lion.

Tit(, <turves of figures 4 and 5 can be etul)loyed
to <,al<mhtte the efl'e(q of am¢ mttttl)er of Vortices

of known strength and position on lhe ttortnal-

force ('oefli(+ieHt of tl. wing-body ('otnl)ilmtioI1 l)y

sup(,rl)osition. Thus, for m vortices

,v -2rl'(.+--a) ,

+(Cv_.,v_ I',;,,,:)L ] (43)

wh(,re the sul)st'rit)ls R and I+ refer to the righC

and left, side, resl)e('tively , of the wing-body

eombin'llion, 'rod th(, i.t('vf('rt, n('e fa('lor ;_, is
,h,fined ns

• 2rr(.v--a) ['_ c,,e
If-- i +t I H' -- dy (44)

I'( _v,w'%']" ce "

l+](ttmtiotl (43) iH ('onjun(+tion with figures 4 nnd
5 can also lm used to dt.l<wmim, the sh[.-t'orce

<'oelli(qent (/r due t<) an arbitrary system of

vorli('es for |he verti<'al stn'l'a('es of q wing-I)ody

or l,dl-1)ody <'ombimdion. In this _'ase tlw ([tlall-

t,itv C.vo,... in equation (43) is rel)la<'ed by (+>.+.+.

of the vert,i<'al mlrl'a(% aud tire y an<l z (,<)or_lin,tes

of tlt(, vortices are inter('hange<l when tigures 4
all(| 5 tll'O llSe(| to <)blain values of i+.

APPLICATION AND EVALUATION OF SLEN1)EI{-

BODY METHO1)

SCOPE AND PROCEDURE

The Slel)v¢is(_ theovleli<!al method lmst'd on

shmdtw-l)ody theory has been 'q)l)lied 1() the
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cal('uhtlion o1' the imihs of a vortex pair iu tile

l)rt,selwe or tilt, fain[Iv of wing-body ('olnl)inatiol_s

shown in figure 2(a>, _m(l _tls() if) (hi, ('Mcula(ion

of th(, ('orr(,spon(ling load (lis(.ributious, for('es,
and in(tin(rots iIMu('e(l by lh(, vortices Olt these

(.omi)imliio,ls. For tht,st, (_ahmlaliOllS Lhe ".;ol'lt,x

strength and initial positions (:It. J:_()) as well ns

the ('onfigura(AOl_ ()l'ie,li_lti(m to (he sin,am _,re

Sl)e(.ifi(,d. lien('(, tit(, g(,(tlnt, try of (hi, I'orel)odv
i_ _howll un:l)(,('ili,,(l in figllrO '2(at. The lahh,

pt'cs(m(('(I in /igur(' 2(,) lists the p_,l'a,,(q(,rs which
were vari(,d in(h,l)pn(hullly ()v(,r the I'nnge in(li('n((,d

whih, th,>r(mutini,_gqutmiitio_',v(','('IwhI C,)l_sta,lt

,l lit('ba_i,_VMl,('slisl,,d.

Evahmti(m of th(' lhp()l'(qi(_al,uelh,),lwas nulde

It".- lti(qilIS O[ ('Olltl)_tl'i,';Oll,':, O[ (!Olll])lll('d vorit'x

l):tth_, {'ore(,.,<, and moJn(,nts with (,Xl)(u'int(ultnl

r('sult_,for'lit('tim'(,_Fu'('ifi('co,di_uratic,,isshow,,

i,,fig,u'('s2 (h), (('),and (d) and will( (he ,'(,suits

COml)uto(| })v tw()alt('t'naI(' lh('ol't'ihud nlei.{m(ls.

Th(, (,xp(uqm(Ullal ,'(,suits for ('onfigu,'atio,l B

',['Of'('OIHllill('(| [l'Ol)t I'C]'OI'OII(!(' { ; (hos{' {'Ol' ('()ll-

Iigul'ati(),)(',fro,,(U,lpUl)lish(,dwin(l-ttmlW[tt,sls;

an,l th,)sv for ('(),lii_'u,'aii(m {), I'ro,u ]'(q'e['(',{(_¢'17.

TllO J)wlhod us('d to ,,x(ra('( lit,,,,xp(,riln(,nia]

I'()I'V('._ and inonwni_ (]u(' t.o v(wt(,x-intt, rl'(,l'(,tl('(,

(,[I'(.('(s ([('l)eIM('d Ul)On the liar.fir(' o[' iil(_ av:/ihll)h_

darn. In th(' ('aso.f ('o,,Iigura(io,,B wh(,,'(,only

V',qll_'-pilll('| I'()l'('('% llll([ lilt)lilt'IllS \VOI'O lll('H_,lll'od,

(ho e!l'(,('(s ()f (Its,' t'(,'(,b()@" vorth'_'s o:, (he n()l'lnnl

I'()l'('(' an(| pi(('hing ,n()ment w('ro ('ah'uhdt,d from

tit(, r('latioItshil)_,

( iv, _=/'w ( ( 'Vw, ,_ -- ( ',Vw._= )IC,c cos _) (45)

N)), (( ,,,, --( ',, Kw ('_)s _) (46)

wh(','(' all (ff lh(' n_,,'o(Ivlm,lti(_('oelih'h,,itswere

o})tah,('d I'r()ln OXl)(,rilu(,,lta[ r(,suli_. The wh_g'-

l)o(lv hlt(u'I'('t'('u(',' ]i/'( r+i(io_ Ix',). a,+({ low giv(,n
t)v sh,,,(h,r-l)odv (ht'ot'v w('r., o})tahw(l l','on_

r(,f(,r(ul(',, 2 in whi('h it wa_ shown 1)5' ('Oml)nris()llS

wi(h (,xp(,ri,)t(m( (h.( (hi.s(. l'_tli()s .c-, v),lh{ I'()t'
(.olnl)iluttio,_shaving' :_ri)hrary',vi,lgplan fol',,IS

at ('ithtu' sui)sO,liC or sul)(ws(),lh_ Sl)(','(I. Tt,i_
r('su|( ('o,_fh'ms tlte ol)s(.,|'w)dioli mad(, in l'(,{'(u'(,n(u,

I_ thttL tlm t]mor(qical lift, ratios .I)piy (() any

v.'ing-l)ody('o,ni)i,,a(io,,hart,iFn ('yii,t(|,'ieaIbody

n,,(l n sptmwise |(rod dis(ri|)ution co,','(,Sl)onding to

ntini,nu,n vortex (h'ng. The t()tal for(.es and

mO)ll(,n{s _l('iil)g or) (lie wi)Ig('(| l)orti(>n ()f (he

('onll)imttion _tl't, given l)v

(, K.-t' (47)
'= _!W NW(B)

( ',,= ( ;"w_., (4,'.)

[n (hi, ('ns(,s o[' ('onfigu,'n(iol)s (! and 1) wlt(,r(,
tit(' ['Ol'('('_ tlll([ IIIOltl('lliS ]lltV(' })('('It IIl('tl,".;lll'('(t Oll

ill(' I)odi('s i,I variou_ ('oml)inntiol_s with the wings

,till ('.),,r(I surf.(_(,s, the not'tnal f(),'(.(, .nd l)i(('hh,_

InOl,Wnt indu('(,d l)y Ill(, ('nnm'd-st).rl'a('(, vorti('(,s
on tlt(' wiug-l)o(|y ('O,,ll)inati(tns w(u'(. (|t,((u'mim,d

{'r(lln 11)(, r(,l_)(iol)ships

("d ("'mvc--("*_(_--("'.w+('_*_ (50)

I,_ the ('Oml)arisons b(,tv<(,(,,l tlt(. (':th',fla((,([ and

(,xl)(,ri))t(,l,(tl{ for('(,s _tt,(l lllOl))('))(s, (Ill, sh,tld(,r-

bit(iv n_('(ho(| or (hi. l),.(,s(utl illV(,sligation is

th,sig,ult(,d "(l ) (.u,'v(,(l troths, sh,,,(h,r-l)o(lv f(l,'(.(,s."

Th,, two nh(u'nai(' nwtl)o(ls nr(, ('.]h'(l "(2) sl)'tli_u'ht

paths, sl(,n(h.,'-body I'or('(,s" i,, v<hi('lt the vortex

l),ihsut'eaSSl,,n('dl)al'aI}(,I(o the hotly _xis tin(|

the ror(.(,s and ItlOlll(qlt,,.; |tr(, ('OllII)ut(,d })v llte

sh,,l(h,r-bod v t h(,ot'y oI' (1) : an(I "(:g ) st l'nilzltl phi Its,

r('v(,l'S(,-|h)w fo,'(','s," ill wi.i('h th(' ",(),'(('x [)a(llS arc
lit(, same as (hos(, I'or ([2) hill] th(' I'o.'('('s and

lll()Itl('llIS ill'(' (,M('ulai('d by tit(' ]i,,(,al'-th(,orv

)))(,{hod. Th(, V(>l'((,x ..;(r(u)_( {)s m)() i.i(i:t] l)()si-

lions use(| to (.ah.uh_((, (hi, vortox l)aills and
i,t(lt,('t'(l|()adsare li_(('(Ii,)ittl)h'l|.

Th(' r(',_ulls ()f (hi's(, ('ah'lllati()ns nml ('().n-

l)aris()ns with ('Xl)(,ri,u(',Hnl'(' (lis('u:s('(| i,l Ih(,

h)ll(twi,,g l)al'agralth:<. Th(, ('ah'uhtl('d V()I't('X

paths, ns ttll'(,(.((.(l I)v tit(' I)a,'ntm,((','sof llgtt,'('

'2(at, are first .'Ol)si(h,.'(,(l and _it'(, lh(u'_ ('oral)at'(,(|

wi(lt ol)s(u'v(,({ v()/'((,x It.illS. Th(, ('orc(,sl)O))({{l, 7
load (lis(l'il)utio,Is, I'or(.t,s, and .,m,lwn(s du(, io

"<ol'ti('(,s al'e (hen (lis('uss(,(l, an(| lhmlly the ('o,n-

l)tt,'iSOllS a,'(, shov<l_ l)e(w('tut th(, ('ah'uht(('d and

lll('_ISlll'('(l ['()I'('o,'; _tll(] IttOlll('ll|s hi,ling (),t ('(tll-

ligu,'a(io,_sB,(' a,t(l1).
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VORTEX PATHS

The ('ah'ulated paths for configuration A (Jill

2(a)) ilt'c I)rest'nted in tigures (i to I I in t(,rnis of the

vortex lo('_ltions in ill(, tiansv(,rse (y :) plane al

the indicated longitudinal positions, ,r/a. The

('orresi)on<tinlz hwnlions of tile lo(ml l(,adin_ edges

or the winlz l)+lnels are also shown oil these tiglil't,s

for ('otv,+mlit, n<'e in relating th+t, vm't(,x paths to

th+t, ",A'illi_-i)Od b" goOllh'll'.V. (Olnl)atisons of the

eal<mlatt,d v,rt(,x t)nths with eXl)rrin|entall.\ + oil-

,+ +I; J" x

2_- ° °-

o

](c)_ I k t _ VSj 1 _ I , I J L

to) Cr=0.26._; _ IP;pt:=65 °
st.rvt,d l)osition+ for ('onlilzuralions (_ and 1) arc

llre_evited in figures 12 and 13. ! _ [ _x

Vortices of various strengths. Figure 6 is 2_ Lo l o,_°+
l)t't'senl('<l t(+ show lit(+ inlhlt,nr(, on the vortex F

lllO|iOllS oi+Clittll_I+t'S ill tlt+t' vortex strength. Sin('e I _-i ,o__ "_,othe il,ngh' of ])it(+ll, hlithil vortex l)OSition, iin(l whig _- }-

g'eonietry are fixed, thisvarhltioninvorh,xstreng'th o;:,+,ot 1 )o......
lnight i'('])t'('s('tit, for exatnlih, , the efl'e(q+ of (+hti.ligC+ 2 4 6

hi iti('idelice of ('alilii'd stirfii('(,<.:. ,i,oiinie,[ +,],elid or -, __ _h_ Pone, L.E. ol indicoled _-
/

I(d), I , tV81 , , _ l , i_ 1___.£

Z -3 -2 -i 0 I 2 3 4

f a a y

-5

3 4 (d) Cr :0.;_!t5; _^ :(l°;pt=l;5 +

i ?i i/'°
2 2 2 5 _ +5 4

, :_- o o
J

o2; A."Oh .... I I I ...... _ I
/ 4 2 O\ [ ]0 2 4 6

I o

L(°), I t , [vo, t J l , l , L

{:1) ('r 11; ,,p =() ; Pl ti7) -I L , . "'-]-_-.V0

ar , _2+ _,t , <"_)c_'--";++ i+°;+"=su°
+ _ "t'° I ,o\" _ x .

, r
4 2 O\ I /0 2 4 6

l- _._./ Ponel LE ol mdicoled-_- °_- ' 2 ' ,7 B _ L: , +

(b) TVO _ J _ I / PoneI L.E. ol indicofed #
-5 -2 -I o _ 2 3 4

y -_+-
, 7"VO

-3 -2 -I 0 I 7' 3 4

(b) (+'j :t).l?,2:¢=0°;pt=65 °

]"l(;ttiK 6. Vortex paths for various vortex Stlll,nglhs; (f) ('r =0.1;:12; _':: 15°; pi 80 °

contigut':ttion A with cruciform wing; 0=21)°; .-1:'2. ]"I(;I[TR]+] 6. ('(mtinued.
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t2 ¸ (,

i,! 9a4-__.._

++ /
0!4 2 0 0 2 4 6

i \ I
i,

(K _ ('l ().L_ti?,: g, 15°; Pl S 1)_'

-4 2 o\ I /o 2 4

-3 -2 -I 0 I 2 5
y

0

(,h) (+r =(t.39,5; ¢ : 15°; pt=-8(I °

Fl(it RE l|, ('(ili(']lld_'d,

the wing. The vortex 1)lilhs given in tig'ul'es 6 (ll)

aiid (e) for li vorl ex streiigt.li of I) i'epre,_elil slroaiii-

lines of t lw potential erossflow. It is i,loled ihilt ,ll.s

the vortex slreligth iiicrelises, the vortex li-iolions

in the direclion of t]w l)otential sire,anilines

d(,ere,ll, se it, lit| revl,rsa.ls in the 1)ill.its oc(,ur earlier.

These rosulls arc (!lit|so(| t)riniilrily t)y fin in(_'re,ilse

in tile lnlltual effects of ltie veloeiti(,s indue(,d by

t.h(_ vorlices ,lind their linage systems due 1o itli

inerea.s( _ in vorlex slrongl]l. For most of the

vortex pMhs shown in figure fi, lhes(, vorlex-
in(hieed velocities a<'ied in li dirt,orion COIlII[(_I ' tO

t.he potential crossflow.

Vortices of various initial positions. To sli<+w

the effects of ehltng(,s in the initial (lisill.i,le(,

between two vortices of (.onshanl. sirengtll on their

sut)sequent paths, figure 7 is presenled. Th(,

(ll,ll'ves show th,it its lit(; in|tiM (listtuice i_ di-

iuil,lisiie(I, ilia succeeding vorlex n,lolions inerelise,

lln(I lin earlier ravorsli| in the diriwiion of the l)alhs
o(.(_llrS ill those cases where stlcii reversal takes

place. These ehluigcs axe the results of increases

in l he lllUt.llitl indu('iion li.lnong liio vorlieos lli,ld

their il,llagos in li_o(;orllllliee with th(; ]'iln(ill.nl.oiillii

r(,llilionship thtlt the velo(,ity indu('ed liy one

vorlex lit tile loclilion (ff linol]ier is illversely

t)rol)orlion,iI to liw (]i._lnncc t)_qwe[,n the two
vol'liee._.

Angles of roll. To <_[i(ix_ how ihe vorl.ox lmth,_

+ire influenced liy l he proxintilv o| the vortices to

lhe wit|g" piinel, liw I)liliis tirp 1)i'l,sl,nl(+<t ill figllrO R

Per the crucil'orni collfiglira.lion ill. various roll

ai_lgles, li is holed lhal in all eases tile vortices

initially IIIOVI; ill lhle dire(,tion of pot_,nlial-flow

strell.niiines (fill. ti (ll) :rod (1,)) bul lhlil i,n lililIlV

<_iis(,s the <]ir(,<;tion of lhes<, pl,ll]is is term'sod,

r(,si,lllil,lg in i,l niotion <'ounl(q" 1o the pot(,nlili|-liow

stroti nilinos for exiiinph!, lhe i'ight-]utn([ vorl(,x

tial]l of l<igl,ll't, _(it). It i_> it|so ol)sl,l'Vt,(] lhal ill<,

<+|oser il vorlex is lo l.]i(; surfa('o of tile body or il

wing lit,lit(,] ,,is lhe result of it chang(, in liie iulTh,

of roll, tlw lilore rat)id is liie vorlex ,it,lot|oil (see,

e.g., tigs. 8 (,I) to (e)). 'Flies(, ri,stlllS slenl frol,ll

l],lo filet t]uil tim lllOtion el + It. vorlex is influen(,od

tiy lwo fltcio,l's: (1) the i)olenlilil (,rossflow lui<|

(2) llw vorl(,x flow, consisting of tlic flow ([1,1e lo

tlw olhcr vortex, the illlii!_,(' vorli<'es inside l]ie

wing-1)ody <'Oliil)ii,llilioii, and lhe rel,l('lion front

the lie(iv or wii,iK t)iinel ell tlw vort(,x due to l],le
iqt'e('t of Ibis vortex. In lhos(, <!itses whol't, li

Vol'h!i l>nssc<l <'h)se to ti wing or ltol].v ii lilOVed

clo._e to it,_ ilniiKe voi'lt,x ii,l liw niill],lenili.tica[

niodel ilAlii tieli('l,, llw <,tr(,(.l of tile iliiilge vortex

predonihilite._ over all <)liwr eft'eels. For exlunplo,

the paliis <if tile righl-lmnl| vorl(,x for roll a,liglcs

<)f 15 ° to 30 ° (figs. S (c), ((l), and ((,)) can 1)(,

cxplMned qualitttiively eli this 1)|isis. In these

(!liSt'S, liie reverstd itt llie (||reel|on of tile vortex

piilh is ('ill|sot[ liy lhe inflllenee o| lhc ill)per vcrli-

citl wing panel which co,lllos ('lost, io tile vortex

wii.en x/a exei,eds l. This effect, is repr(,sellted in

lhe eli|(qillllions liy liii illiil.ge vorlex inside tiw

wing panel and diri,(qly opI)osile tim exierliii]

vorlox. The iinii.ge vorl(,i roliitos ill it clockwise
(]ireelion, lin<] lhus i,llll)iii'ls it (Iovtnwi,n'd nioiion io

the externl,ll vortex Wilell it is oil the. riglll-hlind

side or the wing l)anel tin(| till 1,1liward nlolion wiwn
Oll lti[, lel't-hlind side. ViTien lhe exter,nllI vortex

li.])])roli('l,les tile wing h,tl(ling edge ill(, iliili_e car-

ries ihc vorlex ||round lhe e(lgo frolu one side to

lhc other; this efl'(,et (!lil,l 1)o seeli for a roll iillgi(, o]'

3() ° (fig. 8(e)). |t is nole(| lh'll the niolion of tilt,

vortex t)(,shh, liw verlical wing panel is ('onlinue(]

ll.|ong llie t)ody i,lnd the rigiii ]iorizoi,llli] wing until

the vortex lilOV_JS liwii.v [l'Olil l lit, Sul'fli('(,> in wtiicil
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(f) Pl 850; ¢= 15°
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(.:tse lhe hllluence or the iinage vortex derrelises

lilld the vorlex follows a l)ltl|t illpproa, eiling It

l)olmllial-llow sll'elunllne. I1 is observed from

figure 14 lhat l/ rrilical roll illlg|e exists for lliis

eXitllll)ie })etwei,n 30 ° itnl| _{354/° whieli (](q,erlnini,s

whether l he vortex is sufT]rionl]y rlose to lhe wJlig

i,o lie |ill'lied il_rotllid the leading edge el ° to I'elllilill

eli lhe leftlhand side.

'Fit(; calculated vortex paths for a planar-wing

and l)ody eoillliilltiiioll are presented in figure 9.

The ]lll]'_._e rffe('i o1" lira verli('lil wing panels Oil the

VOI'III'X I)alhs when the (.onllguridion is ltl an ltngh,

of roll is evident, froin u VOliii)lirison or lifts flgui.(,

wilil figure 8 for it, given roll illlgle.

Angles of pitch, _Figin'e 10 is pre,_eiili,d to show

lhe efl'erls of pilc]l ililgle in ciilinging the inotioils

()f VOl'tli(X,s having fixed inil lit[ ])osillions Since the

hielination of it body results in a proportional

increase hi tile sh'englit of the shed vortioity, the

vort, ex sli'engih for the present, c,'lleulations was

llr(;ordingly incrritsed in direct proporlion to the

pitch itligie. Thr resulls of ligiir(, lit show l,hltA,
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Cr=0,263. FI(; Irilt; 8.--C()nehi(t('d.
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figur.l.tion ._. v, ith ])}attar wing; 0= 20 ° ; +l ---,'>" ( '£ 11.21i3. l"l_;t l,tl,: it ('tltwhidetl,

tht,st, changes in angle tfl' pitch aml vt,rlt,x strength

caused an increase in the vortex motions for both

roll angles. This increase wouhl be exl)ected
since the veh)eities due to both the potential cross-
[low arid the vortex flow are in(u'ease<l when the

angle o[ pitch and vortex strength are increased.
The inereasillg dmvnward tnovelnt, nt ill the vor-

tices art <p=O and in the right-imn<l vortex at _p_ 15 °

due to an increase in t)itclt angle indicates that the
inotions of these vortices arc ililluen<'ed l)rinmrily

I)y t,lm increltse in vortex strength, whereas the

corresponding in<'t'easing upward Inovement of the

left-hand vortex at ¢ : 15 ° s|tows that the motion

of this vortex is influenced mainly 1)y the increase

in the potential ('rossflow velocities caused hy tlt,'

increased in,'linntion of the body.
Wings of various aspect ratios, In order to

show the change of vortex motions due to an

im'rmtse in the wing spun relative t<) l he l)ody

diamet.('r, vortex l+aths are l)resented in [igur<, t l

for various wing aspect ratios. Since the nngh, el'

tit tack an([ vortex strength are ('onstant, the vortex

paths are inlhienccd by only two effects: (1)

('hattge in the lJutt'Jltial crosslhlw liehl due to the

wing l)anets and (2) change in the v(_rlex iniag<,

svstetit of tile wing I)iilioi.s. At +--0. lilt illurolise

in tire llspoct rlttio CatlSeS ii ('hallg( _ in tire crossltow

which iilOVpS lhe lwo vortices closer iogetlter

iniliall) +, and this, in llil'ii, iliUl't!ilses the illllltlal

downwi+r<l indu<dion tlelween lhe vortices. Tlius,

its the lLSl)cet ratio is in<q't,lised lhe rlwei'sil_l in die

vorlex liiotioli occurs earlier. At a roll aligh, o[

15 °, the priinary effeci or wing ilSlii,cl i'iitio is

lipon tire vortex iniltge s<vsieni <)f the wing' panels

which, inthlenecs tile, vorlcx ]tuttis. Thl, upper

Wililg panel <'onirols the l'evPrsll| in lhe piilh, of liie

i'igiit-]iiiil<l vortex lin<t the righi horizonla| pltnel

inttuen<'es prinutrily liie lalerltl niolion o|' this

vortex.

Comparisons of calculated and measured vortex

paths. To evlihiim, the ,.ah.ulative niethod for

predicting vortex 1)atlls in SOlliO specific e,ases,

<'Oliil)lti'isOilS are lit'esented in figures 12 and 13

}It,lween SOlil<, observed VOl'lPx liailis iili(I the pallis

coinputod b.v fill, slender-liody nioliiod. Figure

12 shows t hill I lie palli of the <)l)sei'ved vorlex
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FI(;UR],: IlL (hll(,ulated vortex ])-dhs for various t,itch

:lng[(',_; ('oHfigul'tttioli A with cruciform wing; .4=2.

core over most of i,tw wing (}f _'on[igurlttion C is in

rea,_omd)ly ('lose agr(,(,mcnt with the ca[('ulated

l)ath. The diff(,ren('e I)elwe(,n the ('al('ulat(,(l an(I

experimental lateral positions ai t]m forwar([ parl

of the wing stems from the fa('t th.H the observed
vorlex core represents only t,ho rolled-up portion

of the trailing vorlex wake, and thus is lo('al(,d oul-

hoard of t,he_ ('ompule(l vorl(,x which is lo(',t(,d _fl

lhe renter of gravity of l,he lotal vortivity. As
the wake travels (lownslr(,am it ten(|s 1o be('ome

inere_lsingly rolled Ul) into Ii singh, vortex ]'el)re-

I"i(l ir i_i_; l(). (}Oul'hl(h'(t.

Sellled by the observed vi)rlex [,ore. t}e(_llus(, the

ohservcd core telids t,o _lf)proa('h tho ('al('uhtied

t)ltlh, this t)at]l is ('onsi(h,red to l)o a ('lose pr('di('-
lion of the ('enll,r of grllvity of the il('iual vorl,ex

Wak('. These l'estl|ls lii'(; in liasi(' ltgrl'em('nt, wilh

l hoso ol)liiine(| hi referen('(_ 19 for wings in in('(inl-

1)ressil)le t]ow.

Figure 13 indicah,s 1}ml the h'ends in lhe vorl(,x

paths ot' ('onfigurldion I) arc prcdhqed by the cal-

culated l'(,slills bill llial in llllt.ll)" (,itso_ l]ie actulil

vorl ex l)osiiions ilr(, vonsi(h,rlltiiy diff(,renl rroiil 1 tie
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predicte(l positions. These difl'erences a.re believed
to be the result of three-dimensional effects

associated with the nonslender effective aspect

ratio BA of the wing which is al)out 1.7 at _I_ 1.3
and 4.0 at ]/_-2.2. Since the caleuhdive mctho(l

is based on slender-body theory, it would be

expected to predict accurately the vortex path

otdy for combinations having wings of low effec-

tive aspect ratio, such as configuration (_ which
has a value of about 1.0 at a Ma('h nutnber of 3.0.

LOAD DISTRIBUTIONS, FORCES, AND MOMENTS DUE TO
VORTICES

Calculated loa(l distributions, forces, and ino-

ntents acting on configuration A due to a pair of
vortices following the calculated paths previously

discussed are given in figures 14 to 21. The forc(,

curves may also be used to cah'uhde lhc longi-
tudinal load distributions since

J

2'
I

I )

f

o L
?

i
I

_(d)

o )

4 2

Io%

.....%.
oI iio ' i _ _

-. _U Porlel L E. 0t indicated "_"

L . [ L re [ _ J , J1 J I

I 0 I 2 5 z)

Y

,l

(d) A 4; so 0°;m=65_

Iq(;, m,; II. (!ulitima.d.

and

r'Q-q ,,:'
d.E r o [ " q Ix ,_"

tt

' " q lr x
d 3,

(t

Thus, the slope of a force curve at _ given value
of x/a represents the total induced load al, lhat

longitudinal position.
('omparisons of the calculated forces and mo-

ments wilh experimental results for configurations

B, (', and D (fig. 2) are giwm in figures 22 to 29.
Vortices of various strengths.-Tiu, vortex-

induced forces and moments for several vortex

sh'engths are presented in figure 14, ('orresponding

(,o the vort, ex palhs of figure 6. It is noted that
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in sonic ctJ,ses ;in illCl'easc ill vorlex S(l'ellgth

results in a prol)ortional increase in the induced
forces and moments. The deviation from this

result for the remaining cases reflects the influence

of changes in the vortex paths due to changes in

the vortex strength.

Vortices of various initial positions.--Thc vor-
tex-induced forces and moments for various initial

vortex positions are presented in figure 15, corre-

sponding to the vortex paths of figure 8. ]it is
noted that in general the induced forces and
momenls are smaller since the two vortices start

closer together (larger m) but t.h,lt differences in

the sul)scquent t)aths of these vortices exert a

strong influcn('c Oilthe forces 'rod moments.

Angles of roll. The spanwise load distributions

due t,o vortices, corresponding t,o the vortex paths

of figure 8, are shown in figure 16. A comparison

of these |we tigures for a given roll angle illustrates

the ('on'espomhmce of the load distributions with
the vortex locations. It is seen that where a

vortex is close to the wing or body, large concen-

trated loads are induced at that point and that

on other portions of the configuration the loads

are small or negligible.
The vortex-induced forces and moments for

various roll angles are shown in figure 17. There

is a strong corresl)ondcncc of lhcse results with

the vortex-path results given in figtu'e 8. ]n t,hosc

eases v¢llcrc the vortex paths change relatively

slowly in the y-z plane, for example, __()o and

7.5 °, the forces a,n(I moments also change rather

slowly, but when the paths change rat)idly, for

example, ¢= 22.5 ° and 30 °, the forces and moments

likewise change rapidly. It, can he seen that each

change in direction of a,vortex path, when close
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to the wing-body cond)ination, results in _ (.orre-

spending change in the forces ,nd monmnts.

Figure 17 shows that, in general, the vortcx-

ittdttced forces tend to oppose those acting on the

configuration in potential flow. For example, the

normal force due to vortices Cx_ is negative

whereas the total normal force in potential flow is

positive at. a positive pitch angle. From the

slopes of the force curves, it is noted tha_ these

opposin_z loads are located primarily in the region

of x/a between 1 and 3 at all roll angles. The
center of the vortex lo_d is in all cases ahead of

x/a -: 5 amt in some cases ahead of the wing itself

(wee, e.g., (:r,, and (',, of [ig. 17(b)). This effe('t

is causc(l by 't ('otq)]c create(| by opposin G h)a(Is on

the forward nnd rearwat'd portions of lh<,

conibJtlation.

The rolling moments induced I)y the vortices

were ca](,tzlated h'om integrations of the load

:z

&

2
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l+'mtm,; 13.--Comp,u'ison of ealcuhded "rod experimental

vortexp'tlhs;c<mfigur:tlion ]"; ,0: (|°,

distributions, and the results are given in figure 18

for two roll angles. It is noted that, for short

wing-body combinations (:,'a h,ss than about 4)

the rolling moments are posilive, but for longer

(,otnbitutliotls they .tre negative.
The vortex-induced for('es and nloments for

several roll angh, s of a planar wing-body (,om-

l)ination are given in figure 19. Cotnparison of
these results with those for the cruciform con-

tiguration (fig. 17) shows that removal of the

verti<'aI wing panels (muses large changes in the

forces which are associated with the changes in

vortex palhs. Greater maxintunt inducer1 for(,es

.rid moments are goner,ally encoutdercd hy the

l_htnar configuration than the cruciform ('omhin.-

lion at a. given roll angle.

Angles of pitch. The vortex-induced forces

and moments for various pitch angles are pre-

sented in figure 20. From this fiisure, it is
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lipplu'ent, (hill, the efi'e('is oF pitch angle on _v and

(';_m ill g--0 aiid on Cy lilid to, Ill _=]5 °

lil'O prhnarily the result, o[ l,]le

(liiii]iges Ill voi'l,i;x st, l'Oligi,|l be(,llllse

or th(,se forces alld llionlelllS is

proport.ioiial (o t.he pitch angle.

/,fft,cls or pitch angle on (_- and

lll)pelii' l,o 1)(, ltu'g(,13_ hlflu(,nced I)y

vorlex ])aliis (fig. 20) boclluso t,he ¢|lluigos hi (Iv

ali(| ('m are not, i)roporl, ionttl to pitoh ting]o.

Wings of various aspect r_tios.--Tho vortex-

induced forces lind lllOIllelli,s for _;al'iOUS whig

corresponding
(,lie magnitude
llpproximately
l [owever, the
(:',,_i_t, _:15 °

eliilng(:s iri the
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l:mt:Rt,: '21. Ett'ocls of wing a'_l)i'ct ralio on forces and

moments due to vortices; configuration A with cruciform

",Viltg; ,+^=')(l°; ('i' =(l.2(i:{.
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Comparisons of calculated results with experi-

ment. Coml)arisons are t)r('scnted in figure 22

between th(, ('_ll(qllate(l and experhnenia] re._ults

for the l'or(ws avid c(,)llers of 1)r(,ssm'e indu('(,d t)y

1wo for(,|)odv vorti('(,s on contigurafion B. These
results sllow that noue o[ the theor(,tical m(,lho(ls

t)rovi(h,d _t (4ose predi('lion or the exl)(,rim(,uhd
vorl(,x-indu('(,d (fft'e('ls over tim whoh, rang(, of

pileh and roll angles ('onsidc,r(,d, althm:gh for

some eondi(ions the agre(,mew( is ('lose. Th(,s('

dilr(,ron(ws t)resumal)ly can t)e aitribuied to the

limitaiions and asSUml)tion,_ iwvolv(,d iu th(, tlwo-

r(,tical m(,thods. _I(,(hod (1) can 1)(, ('owsid(,r(,d
h) 1)e (he most, exa(% in that, it lakes into a('('ount

lh(, influ(,nce of (he wing-t)ody Ilow fiehl on the

vm'h,x i)alhs, ttowev(,r, the meiho(Is for val('u-

lating tit(, paths and for(_(,s are based on sh,nd(,r-

body (h(.orv mid thus are reslri('l('d 1o wiug'-
body ('ombinations having wing._ of low (,Ife(.tiv(,

_lsl)('('t ratio (ILl <( (4). Sin('(, the (,ft'e('liv(' _ts-

l)(,('t ratio of the wing of configuration |_; _d .
._|_t(!h lltl]ll})('r 0[2 is ;I.I)()il[ :{.,'_ this r(,(/uiremt'ni is

not m(q. Auoth(,r bwior whi('h m,v p]'t,v(,nl (h(,

vm'ti('(,s I'rom following (tw ('ah'ula(('(l t;_(hs is (tin

l)ossil)l(, o('('urreu('(' of r(,giows of lh)w S(,l):mdion
emL_('(1 1)v _t vortex I)assiug ('lose (o (he sm'f_w('.

An in(li('aliml of lhis (,ff('('l is sh()wn iu figure '2'2 for

tl,' l'vsults shown a_ fun('tions of roll angle ¢.

Th(' vurv('+ ('ahmlatt'(l by mt, lho(l (1) show :tl)rul)(

('lmng('_ at roll augh's m,ar g0 °, whi('h +tr(' the result

<)f ()n(, vortex su(hh,uly I)as_iw_ I'rmn one side of th(,

upp('r v(wlic+d wiu_ to the other, a_ <li+('u_se<l

1)r(,viously rt,httiv(, 1o <'ouligtn'tttion A (.see firs. S

((') and (f)). Tim (,xt)(,rimeutal for('t's and mo-

menlo, }_ow(,v(,r, do not show these abrupt <'lmng('s

l)r('(ti('(('(I t)', lh(' ('ah'ul_tte(I l'('sllll,'4, iv.(li('aiiug' tlmt

the vorliees l'_dl lo follow tit(, computed paths nl

lt.'se roll a_,gh'*. The results for melhods (2) a).l

(:{) show lhu! the _tssulnplion of ('onslnlll vorlex

l)alhs (1)_tralh,l (o the I)o(Iv axis gives v:_rialions
in the iwdu('e(1 for('es :rod mom(,wls with r()l[ angh'

whi('h are ('loser (o the (,xp(,rilm,nl_d results.

Th(,s(' r(,sulls _lso show lhal the use of revers('-

th)w theory, whi('h t_l<('s into a('('ouut three-
dim(,nsiomd vff(,('ts rc,sulls g(,n(,r_dly in al_

iml)rovemeut in (h(, t)redi('tion of th(, r(,lllc,r of l)res-
sure of lit(, vorlex-iu(tu(,('d for('(,s but ha_ lilllo

(,ti'('('1 on (h(, i)rc,di('lion of the for('(,s (lwms(,lv(,s.

('Oml)avisons betw(,(m ('Xl)('rilnental au(t ('.h'u-
lat(,(l results for the (o(_d for('(,s and ('(,)H(,rs of

pr(,ssur(' _wting on ('onfigura(io)_ t), are |)l'(,s('llt('([

in figm'(' 23 lo ._how th(, iml)Orl_m('(' of ih(, (liff(,v-

(,n('(,s just discussed for th(, vorl(,x=i).lu('(,(l l'or('(,s

or ligttt'(' '2'2. Tim t'('st]]ts itt(|i(+a(( ' thnt ex('('l)t,

for roll :tngl(.s near 25 ° lh(, ('al<'ubtt(,d normal for('(,

av.l (.(,m(,r ()I' l)r('_._ur( ' are afl'(,('t('d o)dv slighlly

by (he (h(,or(,li('al m(,tho(l used (o ('ompu((' the
vorl(,x ell'(.('(s l)(,('aus(, th(, vor((,x-i)_(hw('(l nor)rod

for('(' i_ only a sn.dl l)m'( of lhe total normal for('('.
Th(. (o(al si(h' l'or('e l)re(li(q('d l)v )dl lhr(,(, m(,tho(Is
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o Experimenl
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0 Experiment
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(b) Lid('ra[ chara(,t(,listi(,s.

F](_VRE 22. --(_un('hMcd.

(b)

5O

is in good agreement with experimen! hut only

m4,thod (3) was suc('(,sul'u[ in l)re(li('ting the ('enter

of 1)ressure or this ['or('(, at high l)iteh angh,s and

low roll angles.

('oral)orisons t)etw(,(,n the experimental and ('al-
('uhd(,d normal-for('e and t)it('hing-moment char-

act eristi('s ot' ('onfiguratio]_ (' with inline amt

interdigitaled canard surfaces are prcscnt_,d in

figures 24 to 27. These comparisons show that
method (1), employing sh, nder-1)o(ly theory for

calculation of both the vortex paths and in(lu('e(I

forces, gem, rally giv(,s the 1test estimat(' of lhe

eXl)Crimental normal for('e and l)itching moment

for these ('onligm'ations (,ither at an angle of attac]_.
or willt tit(, ('amu'd surfaces delle('ted. This result

is to I)e ext)e('ted from the fact that the wing is

reasomd)ly slender, having an effective aspec!
ratio of about 1 al a X[a('h number at 3.0, and thal

the ('al('ulated vortex paths are in good agreement

with the measur(,d paths, as 1)r(,viously dis('ussed

(tiff. 12).
('Oral)orisons t)(,twe(m th(, _'xt)erimental and

('I/[('tlhL[ e([ IIOrlllIl|-fo]'('(_ llll([ (!(q I t (q'-O f- p ['ess [1l'e

chara('t(,ristics of ('onfiguration I) are prese]ltc(l in

figures 28 and 29 for two Ma('h )luml)ers. Figure

28 shows that no signifi('an! (titl'erene(,s _,xis!

Itlll()llg tit(', tltree methods for l)r('dicting the
normal l'or('e (It](' to it,, canard vortices, but

method (3) al)l)cars to give lh(, best pr(,di('tion
of the ('enter-of-pressure lo('ation, esl)ecially a!
a .klach numl)er o1' 2.2. At this Mach tlumt)er

th(' effective aspect ratio of the wing is about 3.q

and hence the use of sh,n(h,r-I)ody theory for

calculating the vortex paths or for('(,s wouhl not

bc expected to t)e wdid. The results shown in

figure 29 indieat(, that in terms o[' the tohd t'orees

and moments, ]to signili('ant dill'crcn(_('s exist

among the three ('al('ulative methods and that
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0 Experiment
Calculated:

(I)Curved paths, slender-body forces
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FIGUnE 23.--Coml)arison of calculated and exp(,rim(,,l:d

total fortys .tnd mome]ds; configuration P,; 3I_2.0.
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8, deg

L I
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(b) Later-tl characi('ristics.

FI(;URE 23.--- (._onclu(lcd.

the predicted valu('s are in close agreement with

the experimental resulls.

CONCLUDING REMARKS

A general method based on slender-body theory

is developed for calculating the paths of vortices

in the presence o1' wing-body comt)inatio,_s ,'rod

the effects of these vortices on the aero(ly]mmic

loading, forces, and moments o[' the coml)imdio,s

,it subsonic, transonic, and supersonic sl)eeds.

The m(,thod is applied to a family of triangular-

wing and body coml)ilmtiolls with system,trio

changes in the vorlex strength, iuitial vort(,x

1)osilion, angle of roll, angle of pitch, and wing

'lspect ratio. The method is ewthmted by

(,Oml)arisons of the calculated vortex paths,

forces, _md moments with experimental results

for several configurations and with the results

(,al('ulated by _tlternale theoretic,d methods.

Results of the theoretical st u(ly showed tlmt .ll

lira v_lria|)les investigated had itnportatlt effects

on the cah'tflated vortex paths. It, was found that

lhe closer a vorlex apl)ro_whed ihe surface of a

wing-t)ody ('o.fl)imdion th(, thor(, its ])osiliotl in

the t r_msverse plane ('hanged ,_s it ]lloved down-
stre,m_. The increased ntovcment is due io the

incre,_sitlg t)redot.inan('e of the eft'cot of the

vortex itn_lge system over the efl'(,cis of the I)olen-
thfl crossflow and of lhe oth(,r vortices. For

('o.tl)in_tions having sh,.der wings (le_diHg edg(,

wt,ll wilhi, the Mach cone) the experimental

l)alhs of vortices fro,. canard surfaces were

cl<>sely predicted, but for a _,oml)i_mtion having a

nonslc_(ler wing (lea(li_g cdgc nc_r the .M_wh

cone) only qualitative predictions of lhe l)_dhs
were ol)tained.

The calculated loa<ling, forces, a_d mometHs

due to vortices were influenced significantly 1)y
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_v

0 Experiment
Calculated:

+'-- L_ I/_ Curved paths, slender-body forces....... Straight paths, slender-body farces
"'-- : (3) Straight paths, reverse-flow forces

7
0 4 8 12 16 20

8, deg

5

0 4 8 12 16 20
a, deg

l:],;um.: 2t. Comparison of calcul:_l*'4 and vXln*rimmltal

for('t's :tll!t tilt)llWit1_ dtlt' (o vtn'ticvs; t,tm|igut':dion (!

with inlim' (':uuu'4 sur[;wt':-; 3[ 3.().

changes in the vurial)h,s iuvt,stig+ttt'd l)t,vause of

the resuhing ('htmges in the vortex Imths am|

:tt'etlgths. ('_th'ulalt'tl _tnd ext)erimenttfl t'ot'_'t,s
nntl luotut+llts inttuct,tl by vortices from the fore-

[)otlv t)t' t'nmtrtl surfnt't,s on thret, t.otdigurntions

were itt good tl_t't,entt'l_t I'or slender wing-body

t'omt)imttious. The ugret, mvut I'm" two ntmdm+ttt,r

cotttl)iuatic, u+, hovct, vt,r, was only I'_it' t)et,uus¢' t)f
tilt' l'ttilure I.)I' lift' vortices to follow dost'ly tlm

ctth'uhtletl troths anti l,et'ttust' of tlt(, t]st' of slt,n(h,r-
body thvt)rv for <'alt'ttlating tim Ion(Is. Tht' u:e

of _t_ altei'n_tte tm'tht)tl lms('d tm "torte× Imths

pttralh, l to the l+t)<13+ ttxis antl on rt,verst,-lh)w
t.het)ry rt'sultcd in some ilnl)rt)vt'nmnts it+ tht'

l)redit'tion t+l' t,ltt' vt_rtt,x-intlut'eti l'ort'es and
IIIOI|WII'I+S l'm" .,msh,u<h,r cotnbitmtions, but [or

sit, rifler conli_urations this m(,tht)d getu,rttlly

imlmired the l)rt,di<qitms. The total ftu't't,s ttntl

motnt'nts t|('|ill_ air tile various (,onfi._urntit)ns

•W(,l'C ])retlit'ted do:ely iu tnost, cases l)y (,itlwr

theoreli('nl method for ('nlcuhttin+ lit(, vortex-

indttt'ed l't)r('es and tnomt,nts.

AMEs RI_;SE3_HCH (_EXTER

NATIONAL AERONAVTI(+S AND _PA('E ADM[NISTI¢ATION"

5[OFFE'I+T Ft,;LIt, (!.'_Ltl,'., .last.. 16, l+,lfll
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